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ABSTRACT 
 
This thesis explained the effect of quenching process parameters in hot press 
forming that has been used in automotive industry to manufacture metallic parts with 
high specific strengths. Optimum cooling system need to be considered during the 
quenching process in hot stamping to achieve the highest strength. The material that had 
been used in this hot press forming process was boron alloyed steel (22MnB5) that will 
produce the highest martensite content after being hot stamped. After being heated in the 
furnace up to 950 0C until 10 minutes, the specimens were pressed at 40 bar by using 
the hydraulic power press and quenched. The investigations were studied on the 
microstructure and its hardness properties. Every specimen was prepared for the 
mechanical testing. To get the optimum parameters, ANOVA were used by using the 
full factorial design. The responses were studied on hardness value. The result shows 
that by increasing the quenching time and flow rate will increase the hardness value of 
the specimen while lowering the coolant temperature will increase the hardness value. 
The heat transfers by conduction were optimum during the pressure holding time 
process so the optimum cooling systems hardly effect the formation of the blank. The 
value of hardness are directly proportional with the formation of martensitic 
microstructure but it was impossible to achieve a fully martensite structure after the 
blank being hot stamped. The formation of martensite was due to the heating of the 
blank until its austenite phase and rapid cooling that make the carbon atom stretch along 
one direction. Besides martensite structure, the formation of bainite and retained 
austenite structure also appeared after the blank being hot stamped. to achieve an 
optimum hardness value up to 551.3 HV0.5, the specimen should be quenched at 7 
second with the flow rate of 40 L/min and coolant temperature of 27 
0
C. 
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ABSTRAK 
 
Tesis ini menjelaskan kesan proses parameter pelindapkejutan dalam proses 
pembentukan panas yang telah digunakan dalam industri automotif untuk mengeluarkan 
bahagian logam dengan kekuatan tertentu yang tinggi. Sistem penyejukan optimum 
perlu dipertimbangkan semasa proses pelindapkejutan dalam pembentukan panas untuk 
mencapai kekuatan tertinggi. Bahan yang telah digunakan dalam akhbar panas proses ini 
membentuk adalah keluli aloi boron (22MnB5) yang akan menghasilkan kandungan 
martensit tertinggi selepas dicap panas. Selepas dipanaskan dalam api sehingga 950 0C 
hingga 10 minit, spesimen ditekan pada 40 bar dengan menggunakan akhbar kuasa 
hidraulik dan dipadamkan. Siasatan telah dikaji pada mikrostruktur dan sifat kekerasan. 
Setiap spesimen telah disediakan untuk ujian mekanikal. Untuk mendapatkan parameter 
optimum, ANOVA telah digunakan dengan menggunakan reka bentuk faktorial penuh. 
Jawapan yang telah dikaji pada nilai kekerasan. Hasil kajian menunjukkan bahawa 
dengan meningkatkan masa pelindapkejutan dan kadar aliran akan meningkatkan nilai 
kekerasan spesimen manakala merendahkan suhu penyejuk akan meningkatkan nilai 
kekerasan. Pemindahan haba secara pengaliran adalah optimum semasa tekanan induk 
masa proses supaya sistem penyejukan optimum tidak memberi kesan pembentukan 
kosong. Nilai kekerasan adalah berkadar langsung dengan pembentukan mikrostruktur 
martensit tetapi ia adalah mustahil untuk mencapai satu struktur martensit sepenuhnya 
selepas spesimen yang dicap panas. Pembentukan martensit adalah disebabkan oleh 
pemanasan spesimen sehingga fasa austenit dan penyejukan pantas yang membuat 
menjulurkan atom karbon di sepanjang satu arah. Selain struktur martensit, 
pembentukan bainit dan sisa austenit juga muncul selepas spesimen yang dicap panas. 
Untuk mencapai nilai kekerasan optimum sehingga 551,3 HV0.5, spesimen perlu 
dipadamkan pada 7 saat dengan kadar aliran 40 L / min dan suhu penyejuk daripada 27 
0
C.   
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CHAPTER 1 
 
 
INTRODUCTION 
 
 
1.1 INTRODUCTION 
 
The demand in automotive industry to reduce the vehicle weight while 
considering the safety have rapidly increase the manufacturing of lightweight body parts 
from ultrahigh-strength steels (UHSS). The process of forming this ultrahigh-strength 
steel is limited by low formability and considerable spring back. To overcome this 
problem, an alternative solution has been made by using the hot stamping. There are two 
methods that have been introduced for hot stamping process which is direct and indirect 
hot stamping. The advantages of hot stamping process are providing better formability at 
high temperature. This not only make it easy to form but also no spring back happen at 
the final part. Hot stamping process on boron alloyed steel (22MnB5) also take 
advantage of low flow stress in austenitic phase at elevated temperature. Hot stamping 
was developed and patented in 1977 by a Swedish company (Plannja), which uses the 
process for saw blades and lawn mower blades. In 1984, Saab Automobile AB was the 
first vehicle manufacturer who adopted a hardened boron steel component for the Saab 
9000 [2]. The number of produced parts increased from 3 million parts per year in 1987 
to 8 million parts per year in 1997, which further increased to approximately 107 million 
parts per year in 2007 [3]. 
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1.2 PROBLEM STATEMENT  
 
One of the most important social demands in the sheet forming industry is the 
forming of automotive part with high strengths and lightweight steel parts. But such 
parts exhibit poor elongation that sacrifices formability in the cold state. Thus, the cold 
forming of high-strength steel sheets with a tensile strength of 1 GPa has been regarded 
as unrealistic for some time. Also, sheet metal forming at elevated temperatures has low 
strength and uneven microstructure. But, if a hot-formed blank is quenched by heat 
conduction to the dies used in forming, lightweight metallic parts with strength higher 
than 1.5 GPa could be formed without serious difficulties. In quenching process, 
optimum cooling systems need to be considered during the quenching process to achieve 
the highest strength. Thus, optimizations of the cooling system during the hot stamping 
process were studied in this project.  
 
1.3 OBJECTIVE OF THE STUDY 
 
The objectives of this study were; 
 
 To investigate the effect of quenching parameters on mechanical properties 
and microstructure of boron alloyed steel in hot press forming, 
 To produce a high strength boron steel by optimization using experimental 
design. 
 
1.4 SCOPE OF THE STUDY 
 
The scopes of this study were; 
 
i) Sample preparation of boron alloyed steel (22MnB5), 
ii) Develop design of experiment (DOE) for hot press forming of boron alloyed 
steel, 
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iii) Conduct hot press forming of boron alloyed steel using DOE, 
iv) Characterization of HPF samples for hardness properties and metallographic 
study, 
v) Optimization of hot press forming for maximum hardness by using Design 
Expert software. 
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CHAPTER 2 
 
 
LITERATURE REVIEW 
 
 
2.1 INTRODUCTION 
 
The main purpose of this chapter is to provide a review of past research efforts 
related to hot stamping process, including the effect of heating temperature on 
mechanical properties of hot formed steel sheet metals and the influence of the process 
parameters such as punch speed, punch stroke, soaking time, initial deformation time, 
and temperature of coolant. This chapter also includes the review over the research on 
hardenability and microscopy. Finally, this chapter will introduce the method for design 
of experiment. This starts with the description of the work piece material used in hot 
stamping. Then, the process steps of hot stamping are described with details. 
 
2.2 HOT STAMPING PROCESS 
 
2.2.1 Historical Perspective 
 
Due to the demand for reduced vehicle weight, improved safety, and 
crashworthiness qualities, the need to manufacture automobile structural components 
from ultra-high strength steels is apparent [7]. This is because one of the most important 
social demands in the industry is the forming of metallic sheets with high specific tensile 
strengths into lightweight metallic parts. One of the companies from Swedish named 
„Planja Company‟ designed the hot stamping process that is used for saw blades and 
lawn mower blades and then in 1984, Saab Automobile AB as the first vehicle 
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manufacturer has adopted a hardened boron steel component for the Saab 9000 [2]. 
After that, the part that is produced by the boron steel increased dramatically. Since 21
st
 
century, more hot stamped parts have been used in the cars and the number of produced 
parts/year has gone up to approximately 107 million parts/year in 2007 [3]. There are 
two methods that have been introduced for hot stamping process which is direct and 
indirect hot stamping. 
 
 
 
Figure 2.1 Hot stamped part [7]. 
 
2.2.2 Direct Method 
  
In the direct method, the blanks are austenitized at temperatures between 900 and 
950 
0
C for 4 to 10 minutes inside a continuous-feed furnace or by using conduction 
heating and subsequently transferred to an internally cooled die set via a transfer unit 
[5]. The transfer usually takes less than 3 seconds to avoid temperature drop and to 
avoid the martensite phase transformation. At high temperature between 650 to 850 
0
C, 
the material has high formability, and complex shapes can be formed in single stroke. 
The blanks are stamped and cooled down under pressure for a specific amount of time 
according to the sheet thickness after drawing depth is reached. During this period, the 
formed part is quenched in the closed die set that is internally cooled by water 
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circulation at a cooling rate of 50 to 100 
0
C/s, completing the quenching (martensitic 
transformation) process. The total cycle time for transferring, stamping, and cooling in 
the die is 15 to 25 s. The part leaves the hot stamping line at approximately 150 
0
C and 
with high mechanical properties of 1400 to 1600 MPa and yield strength between 1000 
and 1200 MPa. 
 
 
 
Figure 2.2 The direct hot stamping method [5]. 
 
2.2.2 Indirect method 
 
The differences between the indirect method and direct method is indirect hot 
stamping provides a part to be perform first about 95% of its final shape in conventional 
press die [7]. Then, the part is heated in a continuous furnace until its austenitization 
temperature. Finally, the blank is transferred to the hot press machine and being formed 
again for the final shape. The reason for the final step is to extend the forming limits for 
very complex shapes by hot forming and quenching the cold formed parts.  
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Figure 2.3 The indirect hot stamping method [7]. 
 
2.2.3 Blanks 
 
The steel grades which can produce fully martensitic microstructure after hot 
stamping are boron alloys of 22MnB5, 27MnCrB5, and 37MnB4 steel grades as shown 
in Table 2.1 [1].  
 
Table 2.1 Chemical components of boron steel [1]. 
 
Steel Al B C Cr Mn N Ni Si Ti 
20MnB5 0.04 0.001 0.16 0.23 1.05 - 0.01 0.40 0.034 
22MnB5 0.03 0.002 0.23 0.16 1.18 0.005 0.12 0.22 0.040 
8MnCrB3 0.05 0.002 0.07 0.37 0.75 0.006 0.01 0.21 0.048 
27MnCrB5 0.03 0.002 0.25 0.34 1.24 0.004 0.01 0.21 0.042 
37MnB4 0.03 0.001 0.33 0.19 0.81 0.006 0.02 0.31 0.046 
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The addition of boron into the steel alloy lowers the critical cooling rate and 
therefore extends the process window. Furthermore, alloying boron reduces the carbon 
equivalent and therefore increases the weldability [11]. Chrome and manganese increase 
the tensile strength of the quenched material [11].  
 
Based on the Table 2.2, 22MnB5 steel grade is the most commonly used in hot 
stamping process. The indicated finish temperature is not related to the 100% martensite 
formation. So, there is no possibility for the boron alloyed steel to have a fully 
martensitic microstructure. Table 2.2 show that martensite starts and finish temperatures, 
Ms and Mf, are 410 and 230 
0
C. Yield stress as delivered is 457 MPa and after hot 
stamped is 1010 MPa. Finally, its tensile strength as delivered is 608 MPa and after hot 
stamped is 1478 MPa. The microstructure of boron alloyed plate before it is being hot 
stamped is consisting of ferrite and pearlite [11]. The first temperature at which austenite 
start temperature (Ac1) is 720 ◦C, the start temperature of primary ferrite to austenite 
transformation (Ac3) was determined to be 880 ◦C [11].  
 
Table 2.2 Mechanical properties of boron steel [1]. 
 
Steel Martensite 
start 
temperature 
in 
0
C 
Critical 
cooling 
rate in 
K/s 
Yeild stress in MPa Tensile strength in 
MPa 
As 
delivered 
Hot 
stamped 
As 
delivered 
Hot 
stamped 
20MnB5 450 30 505 967 637 1354 
22MnB5 410 27 457 1010 608 1478 
8MnCrB3 - - 447 751 520 882 
27MnCrB5 400 20 478 1097 638 1611 
37MnB4 430 14 580 1378 810 2040 
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Most boron steel grades are usually applied in car chassis parts. The advantages 
of the hot stamping process of the boron steel are [14]; 
• very high formability during hot forming,  
• forming of very complex geometries,  
• producing of ultra-high strength steel parts,  
• high toughness,  
• independence of material properties on the forming depth, 
• acceptable dimensional tolerances,  
• good weldability and  
• crash application.  
 
2.2.4 Heating of Blank 
 
The first process in hot stamping is the heating of the blank up to its 
austenitization temperature.  At a furnace temperature of 950 
0
C, a dwell time of 10 
minutes was found to be sufficient to obtain the maximum martensitic content in the 
quenched samples with a maximum hardness of approximately 470 HV0.5 [7].  This 
finding agrees with Ankara [4] observations. They state that the lath shaped martensite 
transformation is commonly linked with grain boundaries. Based on this, the longer 
austenitization soaking time resulted in a coarser primary austenite grain size. In the 
other word, increasing the soaking time will lower the martensite start temperature. 
Besides that, increasing the furnace temperature will decreased the austenitization 
duration time. This is because at a higher deformation temperature, the blank are at 
above the zone of bainitic and ferritic phase transformations [11]. The possibility to 
avoid bainite and ferrite will increase while the volume of martensite will increase. 
When the blank is in contact with the air under austenitization conditions, oxide scale 
formation will occurs immediately. To avoid surface oxidation and decarburization 
during the direct hot stamping operation, most blanks are pre-coated with protective 
layer [8]. 
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2.2.5 Forming 
 
Each sample was cooled down to the initial deformation temperature. Blank must 
be transferred as quickly as possible from the furnace to the press machine in order to 
avoid cooling of the part before forming [7]. Furthermore, forming must be completed 
before the beginning of the martensite transformation. In order to avoid the quenching of 
the blank between the blank holder and the die during the forming process, most of the 
hot stamping tool systems work with a distance blank holder [7]. The cooling process as 
a working media is also important in the forming process. The use of temperature as a 
process parameter in hot gas forming and a simultaneous quenching of the formed parts 
offer the opportunity to increase the application field of this innovative technology [9]. 
A homogenous blank temperature distribution leads to a uniform forming of the blank 
because of the lower contact time between the part and the tool during forming.  
 
The most important parameter in the hot stamping process is the applied force 
and this force can be controlled and monitored by the load cell on the punch [11]. The 
punching force is controlled by using the hydraulic servo unit system. It was observed 
that the higher applied forces lead to more secondary phase formation [11]. This means 
that it will tend to decrease the martensite start temperature and the dislocation density 
of the austenite matrix will increases.  
 
From Figure 2.4(a), we can see the flow of the hot stamping process 
corresponding to surface hardness calculation performed by M. Naderi. It takes around 
10 minutes to complete the process and the graph also shown the variation of martensite 
starts and finish temperature by hardness measurement. It shows that martensite start 
temperature is at 410 
0
C while the martensite finish temperature is at 230 
0
C. Figure 
2.4(b) show the variation of dilatation curve by force. The martensite content is 
decreased by increasing the driving force. 
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Figure 2.4 The effect of applied force on phase transformations [11]. 
 
2.2.6 Quenching 
 
After the blank achieved its austenitic temperature range, it is quenched in the 
closed tool until the entire martensite transformation of the part is complete. A cooling 
rate of more than 27 K/s is necessary for a full martensite microstructure of 22MnB5 [7].  
 
Approximate cooling rate can be achieved based on the Continuous Cooling 
Transformation (CCT) diagram. This CCT diagram was plot based on hardness 
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measurements, metallographic investigation and by dilatometry tests. From CCT 
diagram, higher cooling rates do not essentially result in a higher amount of martensite 
due to the continuation of deformation into lower temperatures, which enhances the 
possibility of bainitic transformation [11]. This is because when the steel is cooled down 
rapidly, the phase transformation will not turn to fully martensitic microstructure but it 
will reform into ferritic and bainitic microstructure. Increase in volume due to the 
transformation from austenite into martensite will influences the stress distribution 
during quenching [7]. Transformation from austenite into martensite will decrease the 
grain size and this will increase its stress. A volume will change due to the different 
lattice structure of pearlite, bainite, ferrite, austenite, and martensite during the isotropic 
transformation strains. This effect causes only a change in volume, like the thermal 
strain increment.  
 
The next subsystem is the die with active control of the heat flux from the hot 
sheet such that heat is drawn by the blank by contact heat conduction to the die [5]. To 
change the heat flux from the specimen to the die, or the cooling rate of the hot sheet, a 
water-cooling channel is dug inside the die metal, and the coolant that flows inside this 
channel removes the heat from the die. The warm coolant that flows out of the die is 
cooled again by the chiller and again flows into the channel of the die. Also, the die 
metal is changed to control the heat conduction. For measuring temperature in 
experiment, K-type thermo-couple of diameter 0.2mm is welded at the thickness and 
length center of specimen, width edge of specimen and bottom of punch, as are shown in 
Figure 2.5 by red solid symbols [5].  
